Abstract The high desorption temperature and slow desorption kinetics of MgH 2 makes it less competitive for future mobile applications; using a catalyst accompanied by mechanical milling seems to be a good solution to overcome those problems. Therefore, the addition of TiO 2 and NiO to MgH 2 accompanied by 15 h of mechanical milling was considered in this study. The phase constituent and hydrogen desorption of the powder mixture were investigated using X-ray diffraction (XRD) and a Sieverttype apparatus, respectively. XRD results showed that after milling, no binary or ternary compounds were formed, but hydrogen desorption time decreased and the desorbed hydrogen content increased. It seems that the increase in desorbed hydrogen was related to the simultaneous catalytic effect of TiO 2 and NiO as well as mechanical milling. The results showed that the addition of both catalysts can improve the hydrogen desorption behavior of MgH 2 -based nanocomposite compared to the addition of only one catalyst of the same amount.
Introduction
Nowadays, it is a known fact that fossil fuels cause a series of ecological problems. Hydrogen is a viable energy resource alternative to conventional fossil fuels because it is clean and renewable and contains a high energy density. Hydrogen storage in metals (such as Mg and La) has numerous attractions such as high capacity, low cost, light weight and natural abundance. Mg and Mg-based materials are known to be suitable for solid-state hydrogen storage. Mg is light, abundant and forms MgH 2 , which has a high storage capacity (7.6 wt%) and an acceptable cost of production [1] . Yet, MgH 2 is thermodynamically stable (DH = -74.5 kJ mol -1 ) and its hydrogen desorption is poor, below 350°C [2] . The destabilization of MgH 2 can be performed by decreasing the particle size of the material, preferably down to the nanoscale, and addition of catalysts [3] [4] [5] . Decreasing the particle size can result in more free surface and, therefore, better kinetics can result from short diffusion pathways along grain boundaries.
Improvement of the storage behavior of MgH 2 has been investigated using several catalysts, including elemental [6] [7] [8] [9] [10] , intermetallic [11] [12] [13] [14] , oxide [5, [15] [16] [17] [18] , halide [19] [20] [21] [22] , hydride [23] [24] [25] and other additives [26, 27] . Among the oxide catalysts, TiO 2 is known to be remarkable. Many investigations have been performed on the catalytic effect of TiO 2 on MgH 2 [5, 16, [27] [28] [29] . Wang et al. [30] milled a mixture of Mg and 10 wt% of TiO 2 for 6 h and claimed that TiO 2 particles provided a diffusion way for H atoms which improved the diffusion rate, and, consequently, the desorption of hydrogen. Polanski et al. [16] 2 showed the best kinetics in desorption. Gattia et al. [31] ball milled MgH 2 with 5 wt% of TiO 2 and then added expanded natural graphite. They stated that the kinetics was improved and a good cyclability was also observed. Also, it has been proved that TiO 2 has a better catalytic effect in the form of anatase compared to rutile [32] . The effect of elemental nickel on MgH 2 [4, 7, 9, 33] and the hydrogen storage properties of Mg ? NiO and MgH 2 ? -NiO mixtures have also been studied [34, 35] ; however, to the best of our knowledge, the catalytic effect of NiO ? TiO 2 on MgH 2 has not yet been investigated. It has been reported that the presence of two oxide catalysts can improve the hydrogen storage properties of MgH 2 compared to one oxide catalyst [36] . In this study, we investigated the hydrogen desorption properties of MgH 2 -TiO 2 -NiO, as well as MgH 2 -TiO 2 and MgH 2 -NiO nanocomposites. In this regard, the phase constituent of the powder mixture after ball milling, morphology, size and distribution of the particles, and the hydrogen storage properties of the samples were studied.
The experiment Material preparation
MgH 2 (Alfa Aesar, \140 lm, purity: 98%), TiO 2 (Merck, \0.2 lm, purity: 99.5%) and NiO (Scharlau, Spain, \20 lm, purity: 99.9%) powders were used as raw materials. The powders were ball milled using high-energy planetary ball mill (Asia Sanat Rakhsh/2400) with a ball to powder ratio of 20:1 and a rotation speed of 250 RPM under a high-purity argon atmosphere for 15 h. For the milling process, a hardened Cr-steel vial accompanied by hardened bearing steel balls with 8-, 10-and 15-mm diameters were used. In all the samples, 5 wt% of catalyst was added to MgH 2 . About 1 wt% of stearic acid (Alfa Aesar, purity: [99%) was used as a process control agent (PCA).
Material characterization
Phase composition analysis was performed using a Philips X'Pert Pro diffractometer with Cu ka (k = 0.1541874 nm) radiation with a step size of 0.02°and X'Pert High Score Plus v2.2b (PANalytical Company). The mean crystallite size and the lattice micro strain of the particles were measured using the Williamson-Hall method [37] :
where b sample is the full width at half-maximum (FWHM) of the milled powder, h the position of the peak maximum, K the Scherrer constant (about 0.9), k the beam wavelength, d the crystallite size, and e the lattice micro strain introduced by ball milling. For instrumental correction, the Gaussian relationship was used [38] :
where b experimental is the measured FWHM of the annealed nickel powders.
Hydrogen desorption results were obtained and studied using a handmade Sievert apparatus. The activation of samples in the Sievert method was performed at 190°C under 4-bar pressure of highly pure hydrogen gas (with the purity of 99.99 wt%).
The field emission scanning electron microscope (FESEM) Sigma (Zeiss Company) and the scanning electron microscope MV 2300 (Tescan Company) were used to observe the morphology and particle size of the powders. Image analysis was performed using MIP4 Student (Nahamin Pardazan Asia Company).
Results and discussion
Phase analysis Figure 1 shows the X-ray diffraction (XRD) patterns of the samples after 15 h of ball milling. It can be observed from XRD patterns of ball-milled MgH 2 (BMM) that the peaks of b-MgH 2 , which is known as low-pressure MgH 2 , are broadened after milling. This indicates that the crystalline size has decreased and strain has been induced in the lattice. The diffraction pattern of the BMM sample shows one obvious MgO peak and one peak overlapping the MgH 2 peaks, which is in agreement with other studies [39] . The presence of MgO in the ball-milled samples is probably due to the high activity of Mg from 2% impurity in MgH 2 . The peaks of metastable c-MgH 2 , which are not sharp but have been confirmed before [40] , can be observed in the diffraction pattern. The formation of c-MgH 2 was also reported for samples which had been milled for more than 10 h [41] . As shown in Table 1 , the crystallite size has decreased and the lattice strain increased in the BMM sample compared to the unmilled MgH 2 , indicating that more free active surface is available for recombination of hydrogen molecules as well as smaller diffusion pathway for hydrogen atoms.
The diffraction pattern of the sample with TiO 2 catalyst in the form of anatase (MT) shows the presence TiO 2 , MgH 2 and MgO. The addition of hard oxide particles to the nonductile MgH 2 helped decrease the crystallite size and introduce more strain to the lattice [42] . During the process of ball milling, the continuous fracture and micro-welding goes on up to the steady state [43] . Thus, as shown in Table 1 , the addition of hard particle can help break up MgH 2 particles and result in decreasing of the crystallite size and increasing of lattice strain and active surface area [44] . The sample with NiO catalyst (MN) shows the presence of NiO and MgH 2 and overlapped MgO peaks at 43°and 62°. Due to the hard nature of the oxides, they can be used as a particle refinement agent; therefore, as shown in Table 1 , this sample shows reduced crystallite size and increased lattice strain. All the raw materials were present in the XRD pattern of the sample with 5 wt% of catalyst containing a mixture of 50 wt% of TiO 2 and 50 wt% of NiO (MN50T50). This sample contained two types of oxidic catalysts and, as a result, its crystallite size decreased compared to that of the BMM sample, and its lattice strain increased. No new binary or ternary components were formed in any of the catalyst-containing samples.
It is clear that the differences between the mean crystallite size and lattice strain of all three catalyzed samples are negligible. This could be due to the equality of the sample preparation process, ball mill time and ball to powder ratio for all the samples. Fig. 3 . The particle size of the mixture has significantly reduced after 15 h of ball milling, as shown in Figs. 2b and 3a for the BMM sample. It is obvious that mechanical milling is effective in decreasing the size of particles and providing more fresh active surface. It has been reported that the kinetics of MgH 2 can be enhanced by decreasing the particle size, which can lead to a reduction in the hydrogen diffusion pathway [45] . It seems that the highest cumulative value for the distribution of particle size in all samples is between 80 and 250 nm, and the cumulative value for larger particles is negligible. The inhomogeneous contact of the powders and steel balls during the ball-milling process could be the cause of this inhomogeneous particle size distribution [46] . It can be observed that the addition of catalyst to the MgH 2 and 15 h of ball milling reduce the particle size, which can have the benefit of more free surface and probably result in increased hydrogen desorption [38] . As shown in Fig. 3 , the emergence of smaller particles in the catalyzed sample can confirm that the presence of hard oxide particles in the non-ductile MgH 2 can result in a smaller particle size and, consequently, a better hydrogen desorption behavior. The emergence of nano-sized particles in the sample shows that high-energy ball milling is an ideal method to decrease the particle size of the powder particles down to the nano-scale and, consequently, increase the surface area and potential sites of hydrogen desorption. Figure 4 shows the results of EDS analysis for the MN50T50 sample. It can be seen that the distributions of TiO 2 and NiO on the surface of MgH 2 are uniform and approximately the same. Fig. 6 . Moreover, Fig. 7 demonstrates the onset time of desorption for various samples. It should be mentioned that the threshold of hydrogen desorption onset time has been considered to be after 0.5 wt% of hydrogen desorption. While MgH 2 desorbed nothing after 2500 s, the BMM sample desorbed 1.10 wt% of hydrogen starting after 642 s with a slow rate within the first 200 s, as shown in Figs. 6 and 7, which is in good agreement with previous studies [47, 48] . For example, Chitsazkhoyi et al. [47] claimed that after 30 h of ball milling, pure MgH 2 released about 1 wt% of hydrogen. In that research, all the samples which had been ball milled for less than 30 h, released less than 1 wt% of hydrogen. It has been claimed that increasing the hydrogen desorption of ball-milled MgH 2 could be due to the (1) refinement of the powder particles, (2) higher specific surface area which can lead to more active sites for gassolid reaction, (3) decreasing of the pathways for the diffusion of hydrogen through nanometric grains and (4) the lattice strain which was introduced to the system and can affect the diffusion and thus the decomposition rate [36] . In addition, the presence of metastable c-MgH 2 can affect the desorption process. Since the c-MgH 2 has a lower desorption enthalpy, its presence in the mixture can help the desorption kinetics [41] . It has been proposed that the rate-limiting step for hydrogen desorption is either the diffusion pathway of hydrogen through the grains to the surface or the recombination of hydrogen molecules on the surface of the particles [42] . In both theories, particle size decrease can enhance the desorption kinetics. Mechanical milling can reduce the diffusion pathways by decreasing the particle size, which can also increase the active surface area for the recombination of hydrogen molecules. The effect of NiO
Morphology of the powders
According to previous studies, the addition of catalysts can enhance kinetics using the spillover mechanism by allowing electron transfer and hydrogen dissociation/recombination on the surface of the catalyst [49] . With the addition of NiO, the desorption process starts after 119 s, and the desorption rate is higher than that of the BMM and MN50T50 samples within the first 200 s. Desorption of hydrogen accedes to a steady state after about 900 s and no more hydrogen is desorbed. The mixture in the presence of NiO desorbs 2.94 wt% at 350°C. This result is in agreement with those of previous studies [34] . As it was discussed before, the decreasing of the onset time compared to the non-catalyzed MgH 2 could be related to the presence of hard oxide particles which can lead to a smaller crystallite size and more lattice strain (Table 1) , the spillover mechanism and the presence of c-MgH 2 .
The effect of TiO 2
The addition of TiO 2 enhanced the desorption behavior of MgH 2 . The MT sample desorbed 1.97 wt%. The desorption starts after 59 s at 350°C, which is the fastest of all samples, and continues with a moderate rate within the first 200 s. Hydrogen desorption from the MT sample was in a steady state after about 1000 s. The amount of hydrogen desorbed from the MT sample is in agreement with those reported in previous studies. For instance, Wang et al. [50] reported that the sample which had been milled with TiO 2 for 10 h released 1 wt% of hydrogen. It was proved that the low hydrogen desorption capacity of TiO 2 -containing sample could be due to the formation of TiH 1.971 during the desorption process [51] . In addition to the abovementioned reasons, it was claimed that TiO 2 was reduced during the desorption process which resulted in active species responsible for the enhancement of hydrogen desorption [32] .
Simultaneous effects of TiO 2 and NiO
The decomposition of MN50T50 led to the desorption of 3.35 wt% of hydrogen. This sample started hydrogen desorption after 191 s with a relatively low rate, but continued to desorb it up to 2500 s. It can be concluded that the difference between hydrogen desorption of MN50T50 and that of the other two catalyzed samples is related to the chemical composition of the mixture, since (1) the procedure of sample preparing and desorption test was the same for all the samples, (2) the crystallite size and the lattice strain differences of the catalyzed samples were negligible, (3) the XRD for none of the samples showed the existence of new binary or ternary compounds and (4) the elemental distributions of the catalysts were homogeneous and the same. It seems that the simultaneous presence of both catalysts resulted in a synergic effect, leading to a higher desorbed hydrogen content.
Conclusions
The hydrogen desorption of MgH 2 catalyzed with two different oxidic catalysts was investigated in the present study. It was proved that hydrogen desorption increased by mechanical milling and the addition of the catalysts, due to Onset time of hydrogen desorption of the samples the decrease of the particle size and increase of the active sites for hydrogen desorption, as well as the effect of catalysts. Ball-milled MgH 2 desorbed 1.1 wt% of hydrogen at 350°C, while the unmilled MgH 2 desorbed nothing under the same condition. The addition of 5 wt% of TiO 2 increased the hydrogen desorption of the mixture and resulted in a 1.97 wt% desorption of hydrogen at 350°C, which could be related to the catalytic effect of anatase as well as mechanical milling. In the presence of NiO, MgH 2 desorbed 2.94 wt% of hydrogen at 350°C. In the simultaneous presence of NiO and TiO 2 , the samples desorbed 3.35 wt% of hydrogen, which could be related to the synergic effect of TiO 2 and NiO catalysts. There was no evidence of new binary or ternary compounds in the X-ray results of the catalyst-containing samples; thus, the differences in hydrogen desorption could not be related to the formation of new compounds. Moreover, with decrease in the particle and crystallite size, the lattice strain increased in all of the samples; but the differences were not big enough to cause a significant difference in the amount of desorbed hydrogen. Thus, it seems that these differences are the result of synergism of catalysts.
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